Background: Mig1 is a transcriptional repressor responsible for glucose repression of many genes in the budding yeast Saccharomyces cerevisiae. Glucose regulates Mig1 function by affecting its phosphorylation, which is catalyzed by the Snf1 protein kinase. Phosphorylation alters the subcellular localization of Mig1, causing it to be nuclear when glucose is present, and cytoplasmic when glucose is absent.
Background
Glucose represses the expression of many genes in the budding yeast Saccharomyces cerevisiae (for recent reviews, see [1, 2] ). A key component of the glucose repression mechanism is the Mig1 transcriptional repressor [3, 4] , which binds to sequences in the promoters of many glucose-repressed genes and recruits the general transcriptional repressors Ssn6 and Tup1 [5] [6] [7] . The subcellular localization of Mig1 is regulated by glucose: it is quickly transported into the nucleus upon glucose addition, and it rapidly leaves the nucleus after removal of glucose from the medium [8] . Export of Mig1 from the nucleus seems to be regulated by its phosphorylation, probably catalyzed by the Snf1 protein kinase [8] [9] [10] . Dephosphorylation of Mig1 might be the signal that initiates its nuclear import, leading to transcriptional repression [8, 11, 12] .
Proteins enter and exit the nucleus through the nuclear pore, a large protein complex that regulates access to the nucleus (for recent reviews, see [13] [14] [15] ). Proteins larger than about 50 kDa are carried through the pore by protein receptors. A family of nuclear transport receptors in yeast has been identified from their sequence homology to importin β, the first characterized nuclear transport receptor [16] . Each receptor is thought to mediate transport of a unique set of proteins by binding to specific sequences in the cargo molecules (for reviews, see [17, 18] ). Transport receptors involved in nuclear import (importins) bind to nuclear localization signals (NLSs), the best characterized of which is rich in basic amino acids and is recognized by the importin α-β heterodimer. Receptors mediating nuclear export (exportins) bind to nuclear export signals (NESs). The first exportin discovered was Xpo1 (Crm1), which mediates export of proteins that contain short, leucine-rich NESs [19] [20] [21] [22] .
Proteins that function in the nucleus are commonly controlled by regulating their nuclear transport (for reviews, see [23] [24] [25] ). Many proteins are transported from the cytoplasm to the nucleus as a consequence of a specific activating signal; some are transported back to the cytoplasm when the signal is removed. This probably occurs through regulation of the interaction of the protein with its transport receptors, as has been shown for Pho4 [26, 27] , of which phosphate-regulated nuclear localization is mediated by the Pse1 importin [27] and the Msn5 exportin [26] . The exportin Xpo1 mediates regulated export of NF-AT [28] , Yap1 [29] and cyclin B [30] .
Msn5 is an importin β homolog implicated in glucose repression. MSN5 was initially identified as a high-copy suppressor of a snf1 mutation [31, 32] . A snf1 mutant is unable to grow on sucrose because it is unable to phosphorylate Mig1, causing it always to be in the nucleus, repressing SUC2 expression [8] . High levels of the Mig1 export receptor would be expected to restore growth by exporting enough Mig1 to relieve repression. Here, we report that Msn5 does indeed mediate the export of Mig1 in response to glucose removal. Our results suggest that Msn5 recognizes a unique NES that requires phosphorylation by the Snf1 protein kinase to initiate export from the nucleus.
Results

Msn5 is required for the export of Mig1 from the nucleus
In the absence of glucose, a fusion protein between the green fluorescent protein (GFP) and Mig1 (GFP-Mig1) was localized in the cytoplasm in a wild-type S. cerevisiae strain (Figure 1a ), but in the nucleus in an msn5 mutant (Figure 1b) . Two other nuclear transport receptors appeared to play little if any role in Mig1 export: incubation of an xpo1 or mtr10 mutant at the restrictive temperature for 1-3 hours inhibited mRNA export (data not shown) without affecting the rate of Mig1 export (Figure 1c,d ). This was not because of an inability of Snf1 to phosphorylate Mig1 in msn5 mutants (an event required for nuclear export of Mig1 and inhibition of its function [8] [9] [10] ): Mig1 was phosphorylated within 5 minutes of glucose removal in an msn5 mutant (data not shown). Thus, Msn5 functions after phosphorylation of Mig1 occurs. Msn5 is not involved in import of Mig1 into the nucleus because this was normal in a ∆msn5 mutant (Figure 1f ), and addition of glucose to ∆msn5 cells grown in glycerol induced import of the small portion of Mig1 that remains in the cytoplasm (data not shown). The similarity of Msn5 to bona fide nuclear import receptors, and its requirement for normal export of Mig1 from the nucleus suggests that Msn5 is an exportin for Mig1.
Mig1 interacts with Msn5
Msn5 and amino acids 1-400 of Mig1 interacted in the yeast two-hybrid assay (Figure 2 ). The interaction was strongest when Msn5 was fused to the Gal4 DNA-binding domain (BD-Msn5) and Mig1 to the Gal4 transcriptionalactivation domain (AD-Mig1). No interaction was detectable between BD-Mig1 and AD-Xpo1 (Figure 2 ).
Identification of the nuclear transport domain
Amino acids 261-400 of Mig1 are sufficient for glucosedependent nuclear transport [8] , but export mediated by this region is somewhat slower than for the full-length protein. Addition of amino-acid residues 217-260 restored Msn5 is required for export of Mig1 from the nucleus. (a-h) Wild-type (YM4342) and ∆msn5 (FM414), xpo1-1 (FM416) and mtr10-T255 (FM419) mutant strains expressing a GFP-Mig1 (full-length) fusion protein (encoded by plasmid pBM3315) were (e-h) grown overnight on YM-uracil (minimal medium lacking uracil) + 2% glucose then (a-d) transferred to YM-uracil + glycerol for 20 min to induce export before imaging. The xpo1-1 and mtr10-T255 strains were incubated at 35°C for 1 and 3 h, respectively, before shifting to glycerol. (i-n) Sequences encoding the transport domain (amino acids 217-400) of Mig1 were fused to sequences encoding a GFP-β-galactosidase reporter (GFP-β-gal; pBM3495) and expression of the fusion protein analyzed as described above.
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export to a rate identical to that of the full-length protein (Figure 3a-c) . Thus, amino acids 217-400 contain all the sequences required for glucose-regulated nuclear transport and will be referred to as the transport domain. In a strain lacking msn5, a Mig1 (amino acids 217-400)-GFP-β-gal fusion was completely nuclear in the absence of glucose (Figure 1j ), indicating that this region mediates Msn5-dependent export.
The leucine-rich regions in Mig1 are not required for export
The Mig1 transport domain contains two leucine-rich regions similar to nuclear export signals known to be required for export of some proteins from the nucleus [33, 34] . A mutant version of Mig1 with all eight of these leucines and one valine changed to alanine was exported normally, demonstrating that these leucine-rich regions of Mig1 are not NESs (Figure 3d-f ). This is also consistent with our observation that Xpo1, a nuclear exportin for proteins that contain the leucine-rich NES, is not the Mig1 exportin.
A 96 amino-acid region within Mig1 is required for export
To identify the sequences required for export of Mig1 from the nucleus, we fused various portions of the transport domain to the GFP-β-gal reporter ( Figure 4 ). In the absence of any added sequence, GFP-β-gal was localized in both the cytoplasm and the nucleus (the β-galactosidase protein apparently contains a weak NLS), regardless of the carbon source ( Figure 4 , line 25). This made it useful for identifying polypeptides that direct import or export, because addition of an NLS would result in an exclusively nuclear localization; addition of an NES would result in an exclusively cytoplasmic localization. We assessed the ability of each Mig1-GFP-β-gal fusion protein to be exported from the nucleus rapidly when glucose was removed and to be imported into the nucleus rapidly upon addition of glucose, as well as localization after overnight growth on glucose or glycerol.
In the carboxy-terminal portion of the transport domain, a stretch of basic amino acids (residues 364-368) that is similar to known NLSs is likely to be the Mig1 NLS because amino acids 359-373 caused the GFP-β-gal reporter to be exclusively localized to the nucleus, with or without glucose ( Figure 4 , line 7). Any fusion protein lacking this putative NLS could not enter the nucleus (though we acknowledge that other sequences that could contribute to NLS function might be missing from the fusion protein); any containing it had the ability to be imported.
The exclusively cytoplasmic localization directed by amino acids 217-351 ( Figure 4 , line 13) suggests that the NES is within this region. The sequences directing export were further defined using a series of deletions from each side of this region. Removal of amino acids up to residue 244 had Mig1 interacts with Msn5. Yeast strain FM425 expressing proteins fused to either the Gal4 DNA-binding domain (BD) or Gal4 transcriptional-activation domain (AD) were grown on YM + 2% glucose plates lacking leucine, tryptophan and adenine to assay the ability of the fusion proteins to induce expression of the GAL2-ADE2 reporter. All patches grew when plated on YM + 2% glucose plates lacking leucine and tryptophan but containing adenine (data not shown). Four separate transformants for each interaction were plated. A dash indicates empty vector. The strains expressing BD-Mig1 and AD-Msn5 grew only slightly slower than strains expressing BD-Msn5 and AD-Mig1, but the former strains did not image as well because they turned a reddish color. Identical results were obtained when the yeast were grown on media lacking leucine, tryptophan, histidine and containing 10 mM aminotriazole to assay the ability of the fusion proteins to induce expression of the GAL1-HIS3 reporter, except that the strain containing BD-Mtr10 and AD-Mig1 also grew (data not shown). The Mig1 fusions lack the Mig1 transcriptional-repression domain located in the carboxy-terminal 25 amino acids [53] because these sequences interfere with transcriptional activation: no interaction could be detected with full-length Mig1 (data not shown). Units of β-galactosidase (expressed from the GAL7-lacZ reporter) were 6.8 ± 0.34 in the strain containing BD-Msn5 and AD-Mig1; 1.5 ± 0.17 in the strain containing only BD-Msn5; and 0.72 ± 0.19 in the strain containing only AD-Mig1.
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Current Biology sequence between amino acids 244 to 340 also prevented export ( Figure 4 , lines [14] [15] [16] [17] . The minimal sequence required for export therefore includes amino acids 244-340 ( Figure 3i and Figure 4 , line 12). Although this 96 aminoacid region was required for normal glucose-regulated export, smaller portions exhibited some export activity that could be detected when the Mig1 NLS was absent (leaving only the weak β-galactosidase NLS); for example, some regions of the transport domain promoted an exclusively cytoplasmic localization ( Figure 4 , lines [18] [19] [20] .
Only the Snf1 kinase sites are conserved in three Mig1 orthologs
To identify other amino acids important for export and import we took advantage of the fact that Mig1 orthologs in two Kluyveromyces species, K. lactis and K. marxianus, are functional in S. cerevisiae and regulated by glucose in a Snf1-dependent manner [35, 36] . Outside of the DNAbinding domain, only a few scattered patches of sequence are conserved between the three proteins ( Figure 5 ) [36] .
Comparison of these sequences led us to predict which sequences comprise the transport domains of K. lactis Mig1 (KlMig1) and K. marxianus Mig1 (KmMig1). Indeed, a portion of this region of KlMig1 (amino acids 261-390) conferred on the GFP-β-gal reporter nuclear transport properties indistinguishable from the S. cerevisiae Mig1 (ScMig1) transport domain (Figure 6a -c). The rate of transport following removal or addition of glucose was identical to that obtained with the ScMig1 transport domain (data not shown). Export of the KlMig1 transport domain also depended on Msn5 (Figure 6d ). The localization of the KmMig1 transport domain was not determined but, as KmMIG1 can complement a mig1∆ mutation in S. cerevisiae [36] , its localization is also likely to be glucoseregulated and require Msn5 for export.
The known or likely transport domains of these three proteins are similar in only three regions ( Figure 5 ). Both KlMig1 and KmMig1 have a stretch of basic amino acids in the carboxy-terminal portion that in ScMig1 was shown to direct nuclear import and is likely, therefore, to be the NLS in each homolog. Within the region required for export in ScMig1, there were only two patches of similarity with KlMig1 and KmMig1, which, interestingly, included two of the four predicted Snf1 phosphorylation sites (serines 278 and 311). The phosphorylated serines ( Figure 5 , circled Ps) and the amino acids thought to be required for recognition by the Snf1 kinase ( Figure 5 , asterisks) are conserved in all three proteins.
Predicted Snf1 sites are required for the export of Mig1 upon glucose removal
Four serines in Mig1 (positions 222, 278, 311 and 381) are predicted to be Snf1 kinase phosphorylation sites [10, 37] , and this appears to be the case because changing these residues to alanine abolished the Mig1 phosphorylation The minimal NES of Mig1 is a 96 amino-acid region that does not depend on two leucinerich regions. Mig1 sequences were fused to GFP-β-gal and expressed in a wild-type yeast strain (YM4342 that occurs in the absence of glucose, and impaired derepression of SUC2 [10] and GAL1 (Figure 7e ). Changing all four serines to alanine caused both full-length Mig1 and a protein containing only its transport domain to remain in the nucleus in the absence of glucose (Figure 7a,c) . Phosphorylation of Mig1 appears to promote its export, possibly by directing its interaction with Msn5. A small fraction of the full-length Mig1 in which the four Snf1 phosphorylation sites were mutated was still cytoplasmic in the absence of glucose, and entered the nucleus on addition of glucose (data not shown), suggesting that there are other phosphorylation sites in Mig1. These additional sites must lie outside amino acids 217-400 because the transport domain lacking the four Snf1 phosphorylation sites appeared to be exclusively nuclear in the absence of glucose.
The ability of Mig1 to be exported from the nucleus correlated with the number of Snf1 phosphorylation sites it possesses. Mutants with single, double and triple Ser→Ala substitutions in the Snf1 sites were all defective in nuclear export of Mig1, with the extent of the defect correlating
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Figure 4
Domains required for Mig1 nuclear export. The indicated Mig1 sequences were expressed as fusion proteins with GFP-β-gal (pBM3098) in a wild-type yeast strain (YM4342) and assayed for the ability to promote glucose-regulated export or import; +, most of the fusion protein was exported to the cytoplasm or imported into the nucleus 15-30 min after changing the carbon source; -, no significant change in localization was apparent 15-30 min after changing the carbon source. Subcellular localization was also determined after overnight growth on YM-uracil + 2% glucose or YM-uracil + 5% glycerol; N, predominantly nuclear; C, predominantly cytoplasmic; N/C, distributed equally between nucleus and cytoplasm (this is the default state of the GFP-β-gal reporter when no transport activity is provided by the added sequence); C/N, predominantly cytoplasmic but partly nuclear; N/A, transport activity could not be ascertained because the fusion protein was either always in the nucleus so it was not possible to determine whether glucose induces nuclear import, or always in the cytoplasm so it was not possible to determine whether it could be exported from the nucleus when glucose was removed. The transport domain is schematically illustrated at the top; dark grey box (amino acids 244-340), the minimal export sequence; light grey box (amino acids 359-370), the nuclear import signal; asterisks, Snf1 phosphorylation sites. The portion of the transport domain included in each fusion protein is represented by a solid bar and the numbers above the bar indicate the exact ends of the Mig1 sequence in each fusion protein. 
with the number of altered sites (Figure 8a -e). Mig1 became increasingly nuclear in glycerol-grown cells as more Snf1 kinase sites were removed. Likewise, the ability of Mig1 to repress transcription in the absence of glucose increased as more Snf1 kinase sites were removed. Thus, the four Snf1 kinase sites seem to contribute additively to the regulation of Mig1.
Msn5 is only partially responsible for the regulation of Mig1 function
Surprisingly, Mig1 function appeared to be regulated normally in the absence of Msn5: GAL1 expression was derepressed normally in an msn5 mutant (7229 ± 1868 units of β-galactosidase activity in glycerol-grown msn5 mutant cells; 8437 ± 2100 units in the wild type) despite the fact that Mig1 was always in the nucleus. Mig1 function must, therefore, be regulated by another mechanism. This additional regulatory mechanism also responds to phosphorylation by Snf1, because Mig1 missing all four Snf1 consensus phosphorylation sites was a constitutive repressor (Figure 7e) .
Discussion
Msn5 appears to be a nuclear exportin for several regulatory proteins Msn5, an importin β homolog that was isolated as a highcopy suppressor of a snf1 mutation, is probably the export receptor for Mig1, because deletion of Msn5 abolished export of full-length Mig1 and of a protein containing the transport domain of Mig1, and Msn5 and Mig1 interacted in vivo. Although we have not yet been able to demonstrate a Mig1-Msn5 interaction in vitro, it seems probable that Msn5 acts directly on Mig1.
Our results explain the fact that Msn5 is a high-copy suppressor of mutations that reduce Snf1 function [31, 32] . Because Snf1 is required for export of Mig1 from the nucleus, Mig1 is always in the nucleus repressing SUC2 expression in a mutant with crippled Snf1, thereby preventing its growth on sucrose. High levels of Msn5 apparently result in enough export of Mig1 from the nucleus, even when Snf1 activity is severely reduced, to derepress SUC2 and permit growth on sucrose. Indeed, we found that overexpression of Msn5 caused Mig1 to accumulate in the cytoplasm in the presence of glucose (data not shown). Localization directed by the K. lactis Mig1 transport domain. KlMig1 amino acids 261-390 were fused to GFP-β-gal (pBM3699) and expressed in (a-c) wild-type (YM4342) and (d) ∆msn5 S. cerevisiae strains. The assays for nuclear import and export were carried out as described in Figure 4 . 
Figure 7
Mutation of the predicted Snf1 phosphorylation sites in Mig1 prevents nuclear export. (a-d) Full-length Mig1 fused to GFP (pBM3726), and the transport domain fused to GFP-β-gal (pBM3838), both with serines 222, 278, 311 and 381 mutated to alanine, were expressed in wild-type yeast (YM4342) and their localization determined after growth on (a,c) YM-uracil + 5% glycerol or (b,d) YM-uracil + 2% glucose (long exposure times, which were identical for samples grown on both carbon sources, were required to image the poorly expressed full-length mutant Mig1-GFP, resulting in the appearance of high cytoplasmic background fluorescence). (e) Wild-type Mig1 and the Mig 1 (Ser 222, 278, 311, 381 → Ala) mutant were expressed in a mig1∆ mutant containing a GAL1-lacZ reporter integrated in the genome (YM4374); β-galactosidase activity was measured after growth on YMuracil + 4% glucose or YM-uracil + 5% glycerol. Assays were carried out on duplicate cultures of three independent transformants grown to early logarithmic phase. We believe the small amount of glucose repression that remains in the mutant is due to phosphorylation at a fifth consensus Snf1 site present in Mig1, possibly Ser108 [9] . Msn5 is also the nuclear exportin for Pho4. Msn5 interacts only with the phosphorylated form of Pho4, which is generated by the Pho85-Pho80 cyclin-dependent kinase (CDK)-cyclin complex [26, 38] . Because this protein kinase recognizes a target sequence that is different from that recognized by Snf1, Msn5 probably does not recognize a specific primary sequence, but rather perhaps a specific secondary structure. This would explain why such a large region of Mig1 (96 amino acids) is required for its nuclear export. Msn5 has also been shown to be responsible for the export of Msn2, an activator of stress-response genes (C. Schüller and H. Ruis, personal communication). Mutations in Msn5 also affect calcium-induced transcription [39, 40] and cause defects in the mating pathway [41] . It seems probable, therefore, that Msn5 is responsible for the nuclear export of several transcription factors or signal transduction proteins that are regulated by environmental signals. Because the loss of Msn5 causes no obvious growth defect in yeast, and we observed no defect in mRNA export in an msn5 mutant (our unpublished observations), it must transport a limited set of non-essential proteins.
Mig1 contains a new NES that is activated by phosphorylation
A 184 amino-acid transport domain within Mig1 is sufficient for its glucose-regulated nuclear import and export. Present in this region is an NLS, and two short sequence stretches rich in leucine that resemble many previously characterized NESs. These leucine-rich sequences were, however, not responsible for the export of Mig1 (Figure 3 ). Mig1 appears, therefore, to contain a new NES. The smallest portion of Mig1 that supported regulated nuclear export consisted of 96 amino acids. We cannot say at this time whether this region contains sequences for interaction with Msn5, or is required for phosphorylation of Mig1 by Snf1, or both. Such a large NES would be unusual: most that have been identified consist of 8-20 amino acids [33] . Several smaller non-overlapping portions of this region promoted export (Figure 4 ) that was dependent on Msn5 (data not shown), but only in the presence of a weak NLS (like the one that fortuitously exists in β-galactosidase), as if nuclear export activity was not due to a single strong NES, but instead was the sum of several weaker NESs scattered throughout the region.
Only two patches of sequence within the minimal export domain of S. cerevisiae were found to be conserved in the two Kluyveromyces Mig1 orthologs. It is significant that these patches of sequence included two putative Snf1 phosphorylation sites. The phosphorylated serines and the amino acids thought to be recognized by the Snf1 kinase, along with a few of the surrounding amino acids, were conserved in all three proteins. The conservation of these sequences in all three Mig1 proteins suggests they are important for export, and therefore are likely to be the sites of Msn5 interaction. The suggestion that these regions include sites likely to be phosphorylated by Snf1 implies that Snf1 plays a direct role in regulating nuclear export of Mig1. This idea is strongly supported by the observation that mutation of the serines at these sites (along with two other serines in Snf1 sites outside this region) abolished nuclear export of Mig1.
Although only two of the four putative Snf1 phosphorylation sites in Mig1 occur within the region identified as the minimal export domain, the other sites are involved in regulation of nuclear export because mutation of all four sites in Mig1 was required to almost completely abolish Mig1 nuclear export (Figure 8 ). Conversion of any two or three sites to alanine caused only a partial defect in Mig1 nuclear export (data not shown). It also appeared that at least one more site outside of the transport domain (possibly Ser108 [9] ) is required for complete regulation of fulllength Mig1, because a small fraction of full-length protein lacking the four serines of the Snf1 sites was still exported from the nucleus. The two Snf1 phosphorylation sites within the minimal NES are, therefore, sufficient to
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Figure 8
The amount of glucose repression and Mig1 in the nucleus correlates with the number of Snf1 sites present. (a) Full-length Mig1 possessing no Snf1 phosphorylation sites (Ser 222, 278, 311, 381 →Ala; pBM3726), one remaining site (Ser 278, 311, 381 →Ala; pBM3582), two remaining sites (Ser 278, 381 →Ala; pBM3728), or all four sites intact (pBM2433) were introduced into a ∆mig1 mutant containing a GAL1-lacZ reporter (YM4374) and grown in YM-uracil + 5% glycerol; β-galactosidase activity was measured in duplicate cultures of three independent transformants grown to early logarithmic phase. Repression is expressed as the percentage of expression of GAL1 in the mutants growing on glycerol relative to wild type (fully induced, or 0% repression). Standard deviations were less than 25% for all samples. promote export of this region, independent of the rest of the molecule. Perhaps the other sites contribute additional Msn5-binding sites.
Is Mig1 nuclear import or export or both glucose-regulated?
Our model implies that both import into and export from the nucleus of Mig1 are regulated by carbon source. We have provided evidence that nuclear export is regulated through Snf1: export of Mig1 occurred only when glucose removal promoted the Snf1-dependent phosphorylation of Mig1 that makes it a target for Msn5. Evidence for glucose-regulated import came from analysis of deletions of the transport domain. Sequences within amino acids 253-335 lacked export activity, but prevented import until glucose was added. If this region was removed, Mig1 import became glucose independent. Although these results suggest that a region in Mig1 confers glucose regulation of nuclear import independent of nuclear export activity, further work is needed to solidify this hypothesis. Pho4 is regulated similarly: high phosphate activates its nuclear export and low phosphate activates the import pathway [26, 27] .
Mig1 is regulated at two levels
We were surprised to find that glucose still regulated the ability of Mig1 to repress gene expression in an msn5 mutant. This indicates that glucose regulates two functions of Mig1: its nuclear localization (through Msn5), and its ability to repress transcription (possibly by regulating its ability to work with the general repressors Ssn6 and Tup1). Both of these functions are regulated by Snf1-catalyzed phosphorylation of Mig1, because Mig1 lacking all four Snf1 phosphorylation sites was always in the nucleus (Figure 7a-d) and was a constitutive repressor (Figure 7e ). The same situation occurs for other proteins whose nuclear localization is regulated by Msn5: regulation of Pho4 function by phosphate levels occurs normally in an msn5 mutant [42] ; Msn2 is regulated by cellular stress in an msn5 mutant (C. Shüller and H. Ruis, personal communication). Yeast cells appear to have evolved multiple mechanisms for stringent regulation of transcription factor function.
Conclusions
Our results suggest the following mechanism for regulation of Mig1-mediated glucose repression ( Figure 9 ). When glucose is added to cells, Snf1 is inhibited, and a phosphatase (possibly the Reg1-Glc7 complex) dephosphorylates Mig1. This promotes an interaction of Mig1 with its importin and/or weakens its interaction with Msn5, resulting in transport of Mig1 into the nucleus where it binds target genes and recruits Ssn6 and Tup1 to repress transcription. Upon glucose removal, Snf1 is activated, phosphorylates Mig1 at four (possibly five) sites, which promotes interaction of Mig1 with Msn5 and results in Mig1 transport to the cytoplasm. The removal of Mig1 from the nucleus relieves transcriptional repression, leading to expression of the target genes.
Materials and methods
Yeast strains and growth
Yeast strains were derived from strain S288C (Table 1) . Standard methods were used for genetic crosses, sporulation and tetrad dissection
Figure 9
Proposed mechanism for glucose control of [43] . Yeast were grown at 30°C in rich (YP) or minimal (YM) medium containing the appropriate carbon source. Yeast transformations were carried out as described by Gietz et al. [44] .
Plasmids.Standard procedures for the manipulation of plasmid DNA and transformation of bacteria were followed [45] . To ensure that no unintentional mutations were introduced into DNA fragments produced by the PCR for cloning, the relevant DNA segments were sequenced and/or three independently created clones were examined. All MIG1 sequences are derived from pBM2433 (carries the MIG1 XbaI-HindIII fragment from pMIG1 [4] inserted between the XbaI and HindIII sites of pRS316, a URA3-CEN plasmid [46] ). The full-length Mig1-GFP fusion protein used to localize Mig1 (pBM3315) is functional, as it complements a mig1 mutation [8] .
Site-directed mutagenesis to change leucines or serines in Mig1 to alanine
The various mutations that convert the Snf1 phosphorylation sites (serines 278, 311 and 381) to alanine were generated by site-directed mutagenesis using the PCR, as described in [47] . Briefly, each mutation was generated in two PCRs. First, MIG1 sequence was amplified using one oligonucleotide primer that contains the mutations to change one of the sites. The second primer for this reaction was chosen to include sequence past a unique restriction enzyme site within MIG1. In a second PCR, the DNA fragment was extended in the opposite direction past another unique restriction enzyme site. The final PCR product was used to replace the wild-type sequence between the two restriction sites by recombination in yeast by cotransforming yeast with the MIG1-containing plasmid (pBM2608) cut with the appropriate restriction enzymes, and the PCR product. Two of the Snf1 sites, serines 311 and 381, have adjacent phosphorylatable amino acids (Ser310 and Thr380) that were also changed to alanine. A DNA fragment containing a mutation that changes Ser222 to alanine was generously provided by M. Treitel and M. Carlson [10] . The various Snf1 site mutations were introduced into full-length Mig1 or the Mig1-GFP-β-gal fusion by recombination in yeast (as described in [47] ). Mutations that change leucines 224, 226, 229, 312, 313, 315, 318, 319 and Val320 to alanine were generated by a similar method (described in detail in [47] ). All mutations were verified by determining their DNA sequence changes. Oligonucleotides used to make the sequence changes are listed in Table 2 .
Mig1-GFP-β-gal fusions
MIG1 coding sequence amplified from pBM2433 was inserted into the BamHI site located between the ADH1 promoter and the GFP coding sequence in plasmid pBM3098 (contains a fusion of the coding sequence of wild-type GFP upstream of the Escherichia coli lacZ gene in vector pVT103-U (2 µ, URA3 selectable marker, [48] ). The MIG1 sequences were inserted by either of two methods. The first was standard restriction enzyme digestion and ligation: MIG1 sequences were amplified by PCR with oligonucleotide primers that introduce a BglII site and an initiation codon before the MIG1 sequence and a BamHI site after the MIG1 sequence. The DNA fragment was digested with BglII and BamHI and then inserted into the BamHI site of pBM3098 by ligation. The second method was homologous recombination in yeast: the MIG1 sequences were amplified Research Paper Regulated nuclear export of Mig1 DeVit and Johnston 1239 Table 1 Yeast strains used in this study. Table 2 Oligonucleotides used to make site-directed mutations. 
KlMig1 (amino acids 261-390)-GFP-β-gal fusion (pBM3699)
The K. lactis MIG1 coding sequence was amplified from genomic DNA. This DNA fragment was inserted into the BamHI site of pBM3098 by recombination in yeast as described above.
Gal4 fusions for the yeast two-hybrid interaction assay
All Gal4 fusions were made by recombination in yeast [49] . DNA fragments containing MIG1, MSN5 or MTR10 coding sequences for recombination were produced in two PCR steps. In the first PCR, DNA fragments containing the entire open reading frames of MSN5 and MTR10 were produced using Research Genetics Gene Pairs oligonucleotides for amplification from genomic DNA of YM701 (strain S288C) for MTR10, and from pBM3692 (MSN5 in YEp24, provided by F. Estruch) for MSN5. MIG1 sequence was generated using pBM2433 and primers that amplify sequence coding for amino acids 1-400. In the second PCR, the DNA produced in the first reaction was further amplified to add sequence identical to that surrounding the cloning site in the vector and served to direct homologous recombination. The DNA fragments from the second PCR were cotransformed into yeast strain YM4342 with pOAD plasmid that had been cut with PvuI and NcoI, for activation-domain fusions; or pOBD, for bindingdomain fusions. Recombinant plasmids were isolated from Leu + (for activation-domain fusions) or Trp + (for binding-domain fusions) yeast colonies and analyzed for the presence of the proper hybrid sequences. The Gal4-Msn5 fusion is functional because it complements the Mig1 export defect of a ∆msn5 yeast strain.
Yeast two-hybrid assay for Mig1-Msn5 interaction
Gal4 fusions to be tested for interaction were introduced into the twohybrid strain PJ69-4A (FM425) [50] . Patches of four transformants for each pair were first grown on rich YPD plates then replica-plated to minimal media lacking tryptophan, leucine and adenine; and minimal media lacking tryptophan, leucine, histidine, and containing various concentrations of aminotriazole, to test for interaction. Assays of β-galactosidase activity were performed using a kit from Pierce (Rockford), according to the manufacturers instructions. Miller units (1000 × OD 420 /OD 600 × volume of cells assayed (ml) × time of assay (min) are reported.
Imaging of GFP fluorescence
GFP fluorescence was imaged in living cells as described previously [10] . Briefly, 1-3 ml cultures of yeast were grown to an OD 600 of 0.4-0.8 in minimal media containing 2% glucose or 5% glycerol, centrifuged, washed in a nonfluorescent media (described in [51] ) containing 2% glucose or 5% glycerol. Finally, the cells were resuspended in approximately 20-30 µl of the nonfluorescent media, and 1 µl of this was placed on an agar pad for microscopy.
Import/export assay
Cultures (1 ml) of yeast strains carrying GFP fusions were grown overnight on media containing 5% glycerol. Cells were concentrated by centrifugation and a 1 µl sample was taken for imaging ('overnight glycerol' sample). The cells were then resuspended in media containing 2% glucose for 10-20 min, concentrated by centrifugation and another 1 µl sample removed for imaging ('add glucose' sample). Finally the cells were washed two times with media containing 5% glycerol to remove glucose, concentrated by centrifugation and a 1 µl sample was imaged ('remove glucose' sample). Strains with temperature-sensitive mutations were grown at the permissive temperature (25°C) to early log phase, then incubated at a restrictive temperature (35°C) for appropriate times before, and during, carbon source shifts.
Measurement of glucose repression
Repression by Mig1 was determined by measuring β-galactosidase expressed from a GAL1-lacZ fusion (pRY181) integrated at the LEU2 locus as described previously [52] , except cell densities (OD 600 ) and product formation (OD 420 ) were quantified in microtiter plates on a Molecular Devices plate reader. Yeast were grown in minimal medium lacking uracil and containing 2% glucose or 5% glycerol to mid-log phase (OD 600 of about 1.0). Duplicate yeast cultures from at least three independent clones were assayed for each plasmid construction.
